I. Introduction
===============

Tumor necrosis factor-α (TNF-α) is a polypeptide cytokine that has been associated with muscle wasting and weakness in inflammatory disease \[[@B35]\]. It has been reported that TNF-α stimulates muscle catabolism by activating the ubiquitin/proteasome pathway \[[@B23]--[@B25]\], which is the major pathway for selective protein degradation implicated in muscle atrophy, resulting from conditions such as unloading, denervation, and immobilization \[[@B34]\]. In the ubiquitin/proteasome pathway, the targeted protein is labeled by E3 ligases: in skeletal muscle, two E3 proteins: atrogin-1/MAFbx and MuRF1 are up-regulated and appear to be essential for accelerated muscle protein loss in a variety of experimental models of catabolism including hindlimb unloading \[[@B6]\]. In the study by Li *et al.*, they suggest that TNF-α acts via p38 MAPK to stimulate expression of the ubiquitin ligase atrogin-1/MAFbx in the skeletal muscle \[[@B20]\].

Hindlimb unloading has been used in rodents as a model of disuse to induce muscle atrophy \[[@B19], [@B38]\]. Previous studies have shown that exercise is an effective countermeasure to attenuate muscle loss induced by hindlimb unloading \[[@B1], [@B8], [@B10], [@B13]\]. In these studies, short-term resistance exercise had been used to attenuate the proteolytic process. However, there haven't been any studies regarding the effect of chronic exercise training on muscle atrophy induced by hindlimb unloading, focusing on the regulation of muscle proteolytic mediators. Exercise training in moderate intensity can have an influence on skeletal muscles to secrete cytokines in healthy rats \[[@B22]\]. We hypothesized that chronic moderate intensity exercising would down-regulate TNF-α in atrophied skeletal muscle and also down-regulate the atrogin-1/MAFbx level, attenuating the overall ATP dependent Ubiquitin-proteasome muscle proteolysis pathway. In this study, a program of moderate-intensity exercises was used on a hindlimb unloading model of mice, to investigate the effects of chronic exercise on down-regulation of proteolytic mediators like TNF-α, and atrogin-1/MAFbx, which are main atrophy mediators.

II. Materials and Methods
=========================

Animal model and experimental design
------------------------------------

Twenty-two adult male ICR mice weighing in 32--34 g (Japan SLC, Shizuoka) were used in the present study. The animals were housed in individual cages in a temperature-controlled room at 22±2°C with a light-dark cycle of 12 hr and maintained on mice chow and water *ad libitum*. The animals were randomly divided into four groups; hindlimb unloading (HU, *n*=5), hindlimb unloading with exercise (HU+Ex, *n*=5), control with exercise (Con+Ex, *n*=7), and age-matched control (Con, *n*=5) groups. The animals in the HU and HU+Ex groups were applied hindlimb unloading for 6 weeks as described previously \[[@B26], [@B27]\]. The suspended height was adjusted to allow the forelimbs to maintain contact with the floor and move freely, and to prevent any contact between the hind limbs and any cage surface. Animals in the Con+Ex, and HU+Ex groups ran for 60 min in a day on the treadmill (Osaka Micro System, Osaka, Japan) at a speed of 18 mmin^−1^. Mice in the HU+Ex group were reloaded on their hindlimbs to run on the treadmill. This exercise was carried out over a period of 6 weeks; 6 times per week, during the 6 weeks period of unloading. The animals' weights were checked once every week when exercises were not being conducted. This study was approved by the Institution of Animal Care and Use Committee and carried out according to Kobe University Animal Experimentation Regulation. All experiments were conducted in accordance with the principles of laboratory animal care (NIH publication No. 85-23, revised 1985).

Muscle sample preparation
-------------------------

After 24 hr of the last treadmill session, all animals were sacrificed via an overdose of sodium pentobarbital. The gastrocnemius (GAS) muscle was excised and weighed. Thereafter, the lateral portion of GAS muscle was immediately frozen in acetone pre-cooled by dry ice and stored at --80°C until the histological and immunological analyses. For total RNA isolation, the medial portion of GAS muscle was immersed in RNAlater solution (Ambion, TX) and stored.

Histological procedure for fiber type differentiation and SDH activity
----------------------------------------------------------------------

The middle part of the muscle belly was attached to the cryostat chuck, and transverse sections (10 µm in thickness) were cut on a cryostat microtome (CM1510S, Leica Instruments, Heidelberg, Germany) at −20°C. The sections were then stained for myofibrillar adenosine triphosphatase (mATPase) at pH 4.55 preincubation to differentiate the muscle fibers as types IID, or IIB on the basis of a previous study by Punkt *et al.* \[[@B33]\]. For ATPase staining, the sections were preincubated in barbital acetate buffer (pH 4.55) for 5 min at room temperature. Following wash by 0.1 M barbital buffer containing 0.18 M CaCl~2~ (pH 9.4) for 30 sec, the sections were incubated in 0.1 M barbital buffer containing 0.18 M CaCl~2~ and 4 mM ATP (pH 9.4) for 45 min at room temperature. The sections were then washed in 1% CaCl~2~ and 2% CoCl~2~ for 3 min, washed 0.01 M sodium barbital. Following wash by distilled water, the sections were visualized by 1% ammonium sulfide. The sections stained by ATPase were used to determine the composition of muscle fiber types and to measure cross-sectional areas of each muscle fiber type. The sections were also stained for succinate dehydrogenase (SDH) activity, to determine the level of mitochondrial oxidative capacity. The sections were dried at room temperature for 30 min, incubated in 0.05% nitroblue tetrazolium and 0.05 M sodium succinate in 0.05 M phosphate buffer (pH 7.5) for 45 min at 37°C. Each muscle fiber was matched for ATPase and SDH stains. Images were visualized with a light microscope and photographed by attached CCD camera (BX51, Olympus, Tokyo, Japan). Using the sectional images, the muscle fibers were categorized as types IID (high oxidative), and IIB (low oxidative) fibers. Results were focused on superficial layer of GAS muscle as it has more abundance for fast twitch muscle fibers, which are responsible on IL-6 secretion following exercise \[[@B15]\] and in which TNF-α is more prominent in skeletal muscle \[[@B32]\]. Cross-sectional area and SDH activity of at least 50 muscle fibers were measured using the ImageJ software program (NIH, Bethesda, MD).

ELISA for TNF-α
---------------

The right GAS muscle of each animal was homogenized in ice-cooled homogenization buffer (10 mM NaCl and 10 mM Tris-HCL, pH 7.4), containing a protease inhibitor cocktail (1:200, Sigma, MO). The homogenates were centrifuged at 15000 *g* for 15 min at 4°C. The supernatant was saved, and protein concentration was determined using a protein assay kit (Bio-Rad Laboratories, Hercules, CA) with bovine serum albumin as a standard. Quantitative assessment of TNF-α protein was carried using a commercially available enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer's instructions (eBioscience, San Diego, CA).

Real-time quantitative polymerase chain reaction (qPCR) analyses
----------------------------------------------------------------

Total RNA was extracted from \~10 mg of GAS muscle using an extraction kit (QuickGene RNA tissue kit SII, Fujifilm, Tokyo, Japan). Reverse transcription was carried out using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA), and cDNA samples were stored at −20°C. Expression levels of TNF-α (Mn00443258_m1), atrogin-1/MAFbx (Mn00499518_m1), and IL-6 (Mn00446790_m1) mRNA were quantified by TaqMan Gene Expression Assays (Applied Biosystems). Each TaqMan probe and primer set was validated by performing qPCR with a series of cDNA template dilutions to obtain standard curves of threshold cycle time against relative concentration using the normalization gene 18S. The qPCR was performed using PCR Fast Universal Master Mix (Applied Biosystems) in a MicroAmp 96-well reaction plate. Each well contained 1 µL cDNA template, 10 µL PCR Fast Master Mix (Applied Biosystems), 8 µL RNase-free water, and 1 µL TaqMan Gene Expression Assays in a reaction volume of 20 µL. All samples and non-template control reactions were performed in a 7500 Fast Sequence Detection System (Applied Biosystems) at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min.

Statistical analyses
--------------------

The data are expressed as mean±SE. Overall differences were determined using a one-way analysis of variance (ANOVA). When ANOVA was significant, group differences were determined using the Tukey's *post-hoc* test. The statistically significant level was set at *P*\<0.05.

III. Results
============

Body and muscle wet weights
---------------------------

The mean body weights of the animals reflected a continuous weight gain through the six weeks period of the experiment. During the first week after start of unloading, the mean body weights increased in the Con, HU, and HU+Ex groups, *i.e.* 40.2±0.3, 36.4±0.7, and 35.8±0.3 g, respectively; while the Con+Ex group remained a mean of 32.4±0.6 g in the first week. After 6 weeks of unloading, the mean body weights in the Con, Con+Ex, HU, and HU+Ex groups were 44.6±0.9, 37.7±0.7, 39.7±1.2, and 38.6±1.0 g, respectively. The Con+Ex, HU, and HU+Ex groups mean body weights were significantly less than Con group (Table [1](#T1){ref-type="table"}). The mean absolute and relative GAS muscle weights in the HU group were 34% and 26% smaller than those in the Con group, respectively, whereas the values in the HU+Ex group were 24% and 12% smaller than those in the Con group, respectively. The absolute GAS muscle weight in the Hu+Ex group was significantly larger than that in the HU group, and the relative GAS muscle weight in the HU+Ex group showed no significant difference from the Con group. The mean absolute and relative GAS muscle weights in the Con+Ex group were 19% and 2% smaller than those in the Con group, respectively.

Muscle fiber cross-sectional area
---------------------------------

The fibers in superficial layer of GAS muscle were divided into types IID (high oxidative) and IIB (low oxidative) (Fig. [1](#F1){ref-type="fig"}). In the mATPase stain, type IID fibers were smaller in size and darker in stain than type IIB fibers, which were bigger in size and lighter in stain. Type IID fibers cross-sectional area mean values were 1257±46, 1313±31, 992±49, and 1215±49 µm^2^, for the Con, Con+Ex, Hu, and HU+Ex groups, respectively; showing a significant decrease of 21% in the HU group when compared to Con group, also showing a significant increase of 18% in HU+Ex group when compared to the HU group (Fig. [2](#F2){ref-type="fig"}). There were no significant differences between the Con and Con+Ex groups. Type IIB fibers cross-sectional area mean values were 2639±61, 2249±51, 1959±52, and 2245±56 µm^2^, for the Con, Con+Ex, HU, and HU+Ex groups, respectively; showing a significant decrease of 26% in the HU group when compared to Con group, also showing a significant increase of 13% in the HU+Ex group when compared to the HU group (Fig. [2](#F2){ref-type="fig"}). The Con+Ex group showed a significant decrease of 15% when compared to the Con group.

Succinate dehydrogenase activity
--------------------------------

The Con+Ex group showed a significant increase of SDH activity in both types of fibers compared to other groups (Fig. [3](#F3){ref-type="fig"}). The SDH activity of types IID, and IIB fibers showed a significant decrease in the HU group when compared to the other groups, also the HU+Ex group showed a significant increase in SDH activity of types IID and IIB fibers when compared to HU group (Fig. [3](#F3){ref-type="fig"}).

*TNF-*α*expression*
-------------------

The expression level of TNF-α protein concentration in the HU group significantly increased by 4-fold from the Con group (Fig. [4](#F4){ref-type="fig"}A). In contrast, there were no significant differences between the Con, Con+Ex and HU+Ex groups. The expression level of TNF-α mRNA in the HU group showed a significant increase by 3-fold from the Con group (Fig. [4](#F4){ref-type="fig"}B). The value in the HU+Ex group was significantly less than that in the HU group, maintained at control level.

Atrogin-1/MAFbx expression
--------------------------

The expression level of atrogin-1/MAFbx mRNA in the HU group showed a significant increase by 2-fold from the Con group, while the HU+Ex group expression level was significantly lower than the HU group, being maintained at the Con group level (Fig. [4](#F4){ref-type="fig"}C). There were no significant differences between the Con and Con+Ex groups.

IL-6 expression
---------------

The expression level of IL-6 mRNA showed a significant decrease in the Con+Ex group from the Con group only, while there were no significant differences between the other groups (Fig. [4](#F4){ref-type="fig"}D).

IV. Discussion
==============

The present study demonstrated the preventive effects of chronic exercise training on muscle atrophy, induced by hindlimb unloading for 6 weeks in mouse gastrocnemius muscle. In the present study, the gastrocnemius muscle showed a significant atrophy after 6 weeks of unloading; this is consistent with previous studies \[[@B21], [@B27], [@B29]\]. The exercise protocol used in the present study attenuated a decrease in muscle weight and cross-sectional area in types IID and IIB muscle fibers during unloading. Running exercise in the present study did not cause muscle hypertrophy in the Con+Ex group as shown in Table [1](#T1){ref-type="table"}. But it was capable of attenuating muscle atrophy in the HU+Ex group through decreasing protein degeneration process, which continued in the non-exercised HU group, resulting in a significant decrease in HU group's muscle weight, and muscle weight/body weight ratio. This suggests that moderate intensity treadmill training is capable of preventing muscle atrophy. Although most of the studies on exercise countermeasures for hindlimb unloading induced atrophy used resistance exercise protocols \[[@B5], [@B11], [@B14]\], our results in the present study are consistent with a study done by Gwag *et al.* \[[@B12]\] in the ability of endurance exercises in attenuating muscle atrophy induced by hindlimb unloading. Endurance exercise training is known to affect oxidative muscle fiber types, and transformation of glycolytic fibers into oxidative types \[[@B7]\]. This can explain why type IIB fibers cross-sectional area in Con+Ex group was smaller than Con group, also in HU+Ex group, type IIB fibers cross-sectional area was significantly bigger than HU group, but also significantly smaller than Con, and Con+Ex groups, meaning that exercise protocol did not affect type IIB fibers cross-sectional area in a hypertrophic manner. The chronic exercise training resulted in the inhibition of the over expressions of TNF-α and atrogin-1/MAFbx mRNA in the atrophied muscle, suggesting evidence for the role of chronic exercise training in regulating proteolytic pathway mediators (mainly TNF-α) which is considered as one of the triggering cytokines of many proteolytic pathways.

It has been reported that reactive oxygen species (ROS) and elevated proinflammatory cytokines, in particular TNF-α, mediate muscle atrophy; ROS can also initiate the mitochondrial-driven apoptosis pathway \[[@B4]\]. In the present study, the SDH activity of type IID (high oxidative) and type IIB (low oxidative) fibers in the HU group were significantly lower than the other groups. Mukhina *et al.* \[[@B28]\] stated that unloading inhibits SDH activity in muscles. The exercised groups (*i.e.* the Con+Ex and HU+Ex groups) showed significant increases in the SDH activity in both types of fibers, this is consistent with a previous study in which running exercises increased SDH activity in both types of fibers of the mouse tibialis anterior \[[@B17]\]. In our study, chronic exercise program prevented the atrophic changes on the oxidative level, due to the ability of endurance exercises to increase oxidative capacity and decrease the effects of ROS, as stated by Wenz *et al.* \[[@B39]\].

TNF-α is a polypeptide cytokine that has been associated with muscle wasting and weakness in inflammatory disease \[[@B35]\], it acts via p38 to increase atrogin-1/MAFbx gene expression in the skeletal muscle. atrogin-1/MAFbx gene product is up-regulated in response to TNF-α \[[@B20]\]. Furthermore, TNF-α is considered essential for accelerated muscle protein loss in a variety of experimental models of catabolism, including hindlimb suspension \[[@B20]\]. It has been reported that the decrease in the muscle fiber's cross-sectional area with atrophy was attenuated in atrogin-1/MAFbx-deficient mice \[[@B6]\]; the functional importance of atrogin-1/MAFbx is evident. In both ELISA and qPCR results for TNF-α in our study, the HU group's expression levels were significantly elevated compared to control groups; while exercises maintained a low level of TNF-α concentration, and a significantly low expression of TNF-α mRNA compared to the HU group. Exercise training is able to decrease the level of TNF-α through muscle contraction and release of epinephrine, which in turn decreases elevated TNF-α \[[@B36]\]. Additionally, atrogin-1/MAFbx mRNA level was significantly elevated in the HU group, while exercises maintained a significant decrease of atrogin-1/MAFbx mRNA expression in the HU+Ex group. According to Li *et al.* \[[@B20]\], down-regulation of TNF-α through exercise training resulted in down-regulation of atrogin-1/MAFbx production, reflecting the preventive effect of chronic exercise training on attenuation of muscle atrophy. IL-6 is an immunomodulatory cytokine, and increases 100-fold in skeletal muscle during acute exercise, remaining elevated in the circulation after prolonged exercise session (\~1-h post-exercise, \[[@B30]\]). Additionally, it has been reported that IL-6 has a role in inhibiting TNF-α production \[[@B31]\]. IL-6 mRNA expression levels in the present study showed a significant difference in the Con+Ex group only, being decreased from the Con group; but not showing any differences among the other groups. This low level of IL-6 mRNA expression in mouse muscle tissue is consistent with a study on human muscle tissue done by Fischer *et al.* \[[@B9]\] as they stated that IL-6 derived from contracting skeletal muscle is required less in the trained state. A study by Lira *et al.* \[[@B22]\] showed the ability of chronic exercise in decreasing IL-6 in healthy rat skeletal muscle, and same result was obtained in our study in skeletal muscle of healthy mouse represented by Con+Ex group. Many studies on muscle derived IL-6 focused on immediate responses of resistive or eccentric bouts of exercises \[[@B18], [@B37]\]. It was speculated that the difference in exercise protocol between present (endurance exercise) and previous studies (resistance exercise) caused different results for IL-6. Jonsdottir *et al.* \[[@B18]\] concluded that IL-6 is locally produced in the skeletal muscle after muscle contractions, with no significant differences between the various muscle fiber types. While it was stated by Plomgraad *et al.* \[[@B32]\] that the cytokine expression is fiber-type specific, the protein expression of IL-6 is higher in the fast fiber than in the slow fiber.

Previous studies have been reported that resistance exercise protocols contribute to induce hypertrophy of skeletal muscle and decrease the loss of muscle mass induced by hindlimb unloading \[[@B2], [@B3], [@B16]\]. In the study by Lira *et al.*, a program of chronic exercises has managed to decrease cytokine production including TNF-α in healthy rat skeletal muscles \[[@B22]\]. Our results in the present study showed that chronic exercise could prevent overexpression of TNF-α and atrogin-1/MAFbx in the atrophied skeletal muscle. This provides further evidence for the effect of exercise on muscle atrophy. It was found that not only resistance exercise protocols, but also chronic endurance exercises could attenuate skeletal muscle atrophy induced by hindlimb unloading through down-regulation of TNF-α levels and indirect down-regulation of atrogin-1/MAFbx gene expression.
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![Light microscope images of superficial layer of the gastrocnemius muscle. Transverse sections were assayed for myofibrillar adenosine triphoshphatase (mATPase) at pH 4.55 preincubation (upper), and for succinate dehydrogenase (SDH) activity (lower). 1: type IID (high oxidative); 2: type IIB (low oxidative). **A, E**: control group; **B, F**: Con+Ex group; **C, G**: HU group; **D, H**: HU+Ex group. Bar=50 µm.](AHC12023f01){#F1}

![Cross-sectional area of types IID, and IIB fibers in superficial layer of the gastrocnemius muscle. Con, control group; Con+Ex, control with exercise group; HU, hindlimb unloading group; HU+Ex, hindlimb unloading with exercise group. Values are means±SE. \*, †, and ‡ are significantly different from the Con, Con+Ex, and HU groups, respectively, at *P*\<0.05.](AHC12023f02){#F2}

![SDH activity of types IID (high oxidative), and IIB (low oxidative) fibers in superficial layer of the gastrocnemius muscle. Con, control group; Con+Ex, control with exercise group; HU, hindlimb unloading group; HU+Ex, hindlimb unloading with exercise group. Values are means±SE. \*, †, and ‡ are significantly different from the Con, Con+Ex, and HU groups, respectively, at *P*\<0.05.](AHC12023f03){#F3}

![TNF-α protein concentration level (**A**), and mRNA expression levels of TNF-α (**B**), atrogin-1/MAFbx (**C**), and IL-6 (**D**) in the gastrocnemius muscle. Con, control group; Con+Ex, control with exercise group; HU, hindlimb unloading group; HU+Ex, hindlimb unloading with exercise group. Values are means±SE. \*, †, and ‡ are significantly different from the Con, Con+Ex, and HU groups, respectively, at *P*\<0.05.](AHC12023f04){#F4}

###### 

Changes in body weight and gastrocnemius muscle weight after six weeks

           Body weight (g)   Muscle wet weight (mg)   Muscle weight/body weight (mg/g)
  -------- ----------------- ------------------------ ----------------------------------
  Con      44.6±0.9          188±6                    4.2±0.02
  Con+Ex   37.7±0.7\*        153±4\*                  4.1±0.1
  HU       39.7±1.2\*        124±5\*^†^               3.12±0.2\*^†^
  HU+Ex    38.6±1.0\*        143±4\*^‡^               3.7±0.1

Con, control group; Con+Ex, control with exercise group; HU, hindlimb unloading group; HU+Ex, hindlimb unloading with exercise group. Values are means±SE. \*, †, and ‡ are significantly different from the Con, Con+Ex, and HU groups, respectively, at *P*\<0.05.
